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Abstract:  

In this review, we highlight recent research efforts that aimed at developing nanopore 

sensors for detection of metal ions, which play a crucial role in environmental safety and 

human health. Protein pores use three stochastic sensing-based strategies for metal ion 

detection. The first strategy is to construct engineered nanopores with metal ion binding sites, 

so that the interaction between the target analytes and the nanopore can slow the movement of 

metal ions in the nano-channel. Second, large molecules such as nucleic acids and especially 

peptides could be utilized as external selective molecular probes to detect metal ions based on 

the conformational change of the ligand molecules induced by the metal ion-ligand chelation / 

coordination interaction.  Third, enzymatic reactions can also be used as an alternative to the 

molecule probe strategy in the situation that a sensitive and selective probe molecule for the 

target analyte is difficult to obtain.  On the other hand, by taking advantage of steady-state 

analysis, synthetic nanopores mainly use two strategies (modification and modification-free) 

to detect metals. Given the advantages of high sensitivity & selectivity, and label-free 
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detection, nanopore-based metal ion sensors should find useful application in many fields, 

including environmental monitoring, medical diagnosis, and so on. 

 

1. Introduction 

Nanopore stochastic sensing has attracted substantial interest as a label-free technique to 

measure single molecules. First proposed in the mid-1990s, nanopore detection takes 

advantage of the ionic current modulations produced by the movement of target analytes in a 

single nano-scale sized pore bathed in high salt solutions at a fixed applied potential (Scheme 

1).  Unlike most of the traditional detection methods, in which only one single parameter 

(usually signal intensity) is monitored, nanopore stochastic sensors can collect multiple pieces 

of information simultaneously from a single measurement. With an increase in the 

dimensionality of the sensing system, nanopore technology provides a superior resolution, 

allowing the detection of a target analyte from a mixture of components and even achieving 

simultaneous multi-analyte detection.
[1],[2],[3],[4],[5]

 Besides the advantage of high resolution, 

nanopore sensors can operate under a variety of experimental conditions (e.g., high 

temperature, high salt, high viscosity, both low and high pH solutions, etc.),
[6],[7],[8]

 and also be 

used to analyze a wide range of samples in complicated matrices including clinical serum.
[9]

 

Several important parameters used in nanopore stochastic detection include event mean 

residence time (toff) of the analyte, the extent of current blockage (amplitude), and frequency 

of occurrence (1/ton).  Under experimental conditions of constant electrolyte pH, temperature, 

and applied potential bias, the event blockage amplitude is related to the size (or diameter) of 

the analyte molecule, while the mean residence time depends on its length.  Furthermore, the 

strength of the interaction between the analyte and the nanopore also plays an important role 

in the event blockage amplitude and residence time.  Therefore, in nanopore stochastic 

sensing, the identity of the analyte is determined from toff and/or amplitude, while its 

concentration can be calculated based on 1/ton. Over the past two decades, these nano-sized 
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pores have been utilized to explore a wide variety of applications, including sequencing 

DNA,
[2],[10],[11],[12]

 determining sample purity and composition
[13],[14]

, studying covalent and 

non-covalent bonding interactions
[15],[16],[17]

, investigating biomolecular folding and unfolding 

[1],[18],[19],[20]
, probing enzyme activity & kinetics

[21],[22],[23],[24]
 and biosensing of a wide variety 

of substances, including  polymers,  peptides, and proteins.
[22],[25],[26],[27],[28],[29],[30],[31],[32]

 Many 

good reviews have been written on various aspects of the nanopore stochastic sensing 

technology
[33],[34],[35],[36]

. This review is focused on an unexplored yet very important topic 

related to metal ion detection. 

Metal ions can be grouped into two categories: essential and non-essential. Essential 

metals play important roles in many biological processes and hence are necessary for human 

health. This category can be further divided into bulk metals (e.g., sodium, potassium, 

magnesium, and calcium) and trace elements (e.g., manganese, iron, cobalt, copper, zinc, 

molybdenum, and selenium). Normally, the distributions and concentrations of such metal 

ions are tightly controlled. Metal ion imbalance in the human body can lead to a plethora of 

disease states, including cardiovascular disease
[37],[38],[39]

 and neurological disorders
[40],[41],[42]

. 

On the other hand, a number of non-essential metals, like cadmium, arsenic, lead and mercury are 

not at all necessary for life but, when introduced into the human environment, they pose serious 

health problems due to their toxic effects and accumulation in the human body through food 

consumption, where they interfere with the functions of the essential metal ions.
[43],[44]

  Therefore, 

it is of prime importance to develop highly sensitive and selective sensors for metal ion 

detection.
[45],[46]

 In this review, we will present current nanopore sensing strategies to detect 

metal ions. For convenience, two types of nanopore sensors will be discussed separately. 

 

2. Protein pore-based stochastic detection of metal ions 

As discussed in the numerous previously published nanopore studies including ours
[1]

, 

thus far, there are two main types of nanopore techniques: biological protein pores and 
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synthetic nanopores fabricated in robust solid-state substrates.  Protein pores are more 

reproducible, and generally provides a better sensor resolution and performance, while 

synthetic nanopores are more robust, and more appropriate for portable/fieldable 

applications
[47],[48]

. In addition to the various biomolecules described in the introduction, 

detection of metal ions using biological protein pores is also an intensively investigated topic. 

At present, protein pores use three stochastic sensing-based strategies to detect metal ions.  

These include: a) construction of metal ion binding sites in the nanopore inner surface; b) 

utilization of a biomolecule as a ligand probe; and c) employing chemical reactions. (Scheme 

2) 

 

2.1. Introducing a metal ion recognition site into the inner surface wall of the nanopore 

Due to the small size and rapid translocation of metal ions as well as the instrumental 

limitation, direct detection of metal ions by nanopore is not viable.  The first strategy for 

protein nanopore-based detection of metal ions is to construct engineered nanopores with 

metal ion binding sites, so that the interaction between the target analytes and the nanopore 

can slow the movement of metal ions in the nanochannel.  As one of such examples, Bayley 

and co-workers used a heteromeric mutant Ŭ-hemolysin (ŬHL) WT64H1 pore to detect Zn
2+

 

ion.  Note that ŬHL is a mushroom shape protein that is secreted by the human pathogen 

Staphy-lococcus aureus, and is the most widely used stochastic sensing element in the 

nanopore field.
[49]

 This mutant pore contained six wild-type ŬHL subunits and a Zn(II)-

binding subunit (4H: Asn123His, Thr125His, Gly133His, Leu135His, 

Thr292Cys), in which the 4 histidines that were introduced by mutation into the lumen of 

the channel to form a cluster of imidazole side chains.  To facilitate heteromers to be 

separated from each other and from wild-type heptamers in SDS-polyacrylamide gels, the Thr 

residue at position 292 was also mutated to Cys, which was then modified with IASD (4-

acetamido-4ô- [(iodoacetyl)amino]stilbene-2,2ô-disulfonate).
[3],[50]

 Single channel recordings 
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with the WT64H1 pore showed that nanomolar concentrations of Zinc ions could be detected 

in minutes (Figure 1).  

It should be noted that nanopore sensor usually contains only one binding site.  Therefore, 

analyte molecules interact with the binding site of the nanopore at one molecule at a time.  

Hence, multiple components in a solution mixture can be detected and even quantitated 

simultaneously using a single nanopore as long as it can provide enough resolution. To 

demonstrate the multi-analyte detection capability of the nanopore sensor, Bayley and co-

workers used the same mutant Ŭ-hemolysin WT64H1 pore to detect Zn(II), Co(II), and 

Cd(II).
[51]

 They found that the event signatures such as mean blockage amplitude and/or 

residence time of Zn
2+

, Co
2+

, and Cd
2+

 were quite different, which permitted the detection of 

Zn
2+

 in the presence of other metal ions species and even achieved simultaneous detection of 

three metal species.  

In another study, a tetrachloroaurate (III) sensor was reported by Cao et al. with a 

Mycobacterium smegmatis porin A (MspA) nanopore and based on Au(III) -methionine 

coordination chemistry.
[52]

 Although the Au(III) -methionine interaction could be observed by 

using a wild-type ŬHL pore due to the existence of the methionine residues at position 113 of 

the ŬHL protein, a mutant MspA pore (named MspA-M) was used to carry out the 

investigation due to its better resolution than the ŬHL pore, where a methionine was 

introduced at residue 91 of the M2 MspA (D93N/D91N/D90N/D118R/D134R/E139K) 

protein.  Experimental results showed that the [AuCl4]
-
 blockage events could be observed 

when its concentration was as low as 200 nM, and the event frequency increased as the 

[AuCl4]
-
 concentration increased until 1 mM. Further increase in the concentration of [AuCl4]

-
 

would result in appearance of multi-level blockage events, indicating simultaneous blockages 

from more than one [AuCl4]
-
 within the same MspA-M pore (Figure 2). Moreover, by taking 

advantage of this Au(III) embedded nanopore, different biothiols such as L-cysteine, L-

homocysteine, and L-glutathione could be detected and differentiated. 
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Besides direct use of the mutant proteins obtained by, e.g., site-directed 

mutagenesis techniques, further modification on the interior wall (especially cysteine 

residues) of the mutant protein pores by chemical reactions to introduce a variety of new 

recognition sites have been demonstrated to be a powerful strategy to explore various 

applications.  For example, Bayley and co-workers developed a nanopore-based method to 

detect Zn
2+

 and to study the kinetics of a two-step divalent cation chelation by using 

functionalized heteroheptameric ŬHL pores.
[53]

 Two engineered nanopores were constructed 

for this purpose.  One nanopore (PPIDA) contained a single binding site for metal ions, which 

was consisted of six wild-type ŬHL subunits and one mutant ŬHL T117C subunit attached 

with N-propyliminodiacetic aicd (PIDA) at position 117.  The other protein pore (P(PIDA)2) had 

two binding sites, which contained six wild-type ŬHL subunits and one mutant T117C/G143C 

subunit attached with two PIDA at positions 117 and 143, respectively. Their experiments 

showed that addition of Zn
2+

 in PPIDA produced only one type of current modulation events.  

In contrast, after Zn
2+

 was added to the P(PIDA)2 pore, three types of events (at three different 

blockage current levels) were observed, which might be attributed to the chelating interactions 

betweeen Zn
2+ 

and PIDA (at position 117), between Zn
2+

 and PIDA (at position 143), and 

between Zn
2+

,
 
PIDA (at position 117) and PIDA (at position 143), respectively. By 

systematically investigating these events, all the major rate constants involved in this two-step 

divalent cation chelation process could be determined.  

 

2.2. Use of a large molecule as a ligand probe 

Although highly sensitive and selective detection of target analytes could be achieved by 

modifying the nanopore interior to introduce a variety of new surface functions (i.e., binding 

sites), one major disadvantage of this sensing strategy is time-consuming and inconvenient 

because the nanopore sensor developed by this approach can only be used for detection of a 

particular substance. To detect different analytes, different nanopores having different binding 
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sites need to be produced.  To address this issue, using large molecules as an external 

selective molecular probe to detect analytes based on chelation/coordination interaction has 

attracted increasing attention in the recent years. The metal ion detection principle of this 

sensing strategy is based on the effect of metal ions on macromolecule translocation in a 

nanopore.  To be more specifically, the conformational change of the macromolecules 

induced by the metal ion ï macromolecule interaction caused a change in the macromolecule 

event signatures such as blockage amplitude and/or residence time (Scheme 2).  

 

2.2.1 DNA as a chelating agent 

Biomolecules such as DNA have increasingly been employed by fluorescence and 

colorimetric sensors to detect metal ions in the recent years.
[54],[55],[56],[57],[58]

  It has been well 

documented that these biomolecules can provide better sensitivity and selectivity over the 

traditional chelating agents (note that DNA can bind to metal ions via both the phosphate 

backbone and nucleobases
[59]

). As one of such examples, Wang and co-workers designed a 

DNA hairpin probe to detect Hg
2+

 with the aHL pore
[60]

, which is an extremely mutagenic 

element and neurotoxin for human health. The DNA hairpin molecule contained a pair of 

thymines in the loop region.  Note that hairpin molecules have two states: open state (similar 

to single-stranded DNA) and closed state (i.e., double-stranded DNA). Single-stranded DNA 

molecules could translocate through the aHL pore rapidly due to their smaller diameters than 

the nanopore.  In contrast, the closed state of a hairpin has a larger diameter than the 

constriction of the aHL pore.  In order to translocate such a DNA molecule through this pore, 

the hairpin molecule must be unfolded, thus resulting in a longer residence time event than a 

single-stranded DNA.  Experimental results (Figure 3) showed that, if there was no presence 

of mercury ion in the solution, the translocation of the DNA hairpin in the protein pore 

produced only one major type of events.  These events had small residence time, indicating 
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the rapid unzipping of the closed state of DNA hairpins by the aHL pore and the weak 

interaction between the single-stranded DNA and the protein nanopore.  However, if there 

was presence of mercury ions, they would stabilize the hairpin structures due to the formation 

of thymine-Hg-thymine complexes, producing events with significantly longer residence time.  

The detection limit for Hg
2+

 ions with the (M113F)7 aHL pore was 25 nM.  In addition, the 

nanopore sensor was highly selective; other heavy metal ions including Pb
2+

, Cu
2+

, Cd
2+

, Co
2+

, 

Ni
2+

, La
2+

, Mg
2+

, Ag
+
, and Ca

2+ 
with concentrations of 2 orders magnitude greater than that of 

Hg
2+

 would not interfere with the detection of mercuric ions.
[60]

  

Interestingly, Wen et al. used the same Thymine-Hg
2+

-Thymine approach to detect Hg
2+

 

with a 26-base T-rich ssDNA as a molecular probe.  Unlike the design strategy adopted in 

Wangôs work described as above, where the formation of Thymine-Hg
2+

-Thymine occurred in 

the loop region of the hairpin, in Wenôs study, mercury ions interacted with thymines in the 

stem region of DNA hairpin structure.  Similarly, the translocation profile of the ssDNA 

through the aHL pore changed significantly in the absence/presence of Hg
2+

, so that the 

concentration of Hg
2+

 in the solution could be quantitated. Specifically, the ssDNA molecule 

with random coil conformation gave an average current blockage of Ḑ80% and the most 

probable translocation time of 0.16 ± 0.01 ms.  Upon binding of Hg
2+

 to the DNA probe, the 

average residual current dropped to Ḑ10% of the open pore current, while the residence time 

increased to 10-30 ms.  However, one drawback of this sensing system is that it had a 

relatively low sensitivity because of the background noise of the DNA probe and the 

reduction of the effective concentration of Hg
2+

 due to its binding to the Cl
-
 ions of the KCl 

electrolyte solution. To enhance the sensor sensitivity, a salt gradient was used. With the 

asymmetric electrolyte conditions (3M trans/0.15 M cis KCl), the detection limit of the Hg
2+

 

sensor could be lowered to around 7 nM.
[61]
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Besides DNA hairpins, formation of G-quadruplex structures was also employed to design 

nanopore metal ion sensors (note that G-quadruplex is a four-stranded structure typically 

stabilized by stacked guanine tetrads connected by short loops
[62]

). For example, Yang et al. 

used a DNA oligomer, which contained the PS2.M (a frequently used G-quadruplex DNA) 

sequence, for the simultaneous detection of Pb
2+

 and Ba
2+

 without any masking agents.  To 

prevent the formation of stable G-quadruplex structure with the background electrolyte, 

tetramethylammonium chloride (TMACl) solution was used instead of the commonly used 

inorganic salts such as KCl, NaCl, and NH4Cl.  Experimental results showed that the mean 

residence time of Pb
2+

-mediated and Ba
2+

-mediated DNA translocation events were 99.7 ± 1.1 

ms, and 14.5 ± 1.1 ms, respectively, which were approximately 2 to 3 orders of magnitude 

larger compared to the ssDNA without secondary structures (~0.16 ms). The sensor was 

highly sensitive (DOL: 0.8 nM) and selective (other commonly studied metal ions did not 

interfere with their detection).  The circular dichroism (CD) spectra of the DNA probe before 

and after addition of Pb
2+

 or Ba
2+

 confirmed the formation of G-quadruplex structures.  

Moreover, the Pb
2+

 and Ba
2+

 ion mixture sample only showed the peak of Pb
2+

-DNA in the 

CD spectra, implying that the Pb
2+

 binding affinity with DNA was stronger than that of Ba
2+

.  

This result was consistent with G-quadruplex DNA translocation results where the dwell time 

of Pb
2+

-DNA translocation was much larger than that of Ba
2+

-DNA.
[63]

  

 

It should be noted that, in addition to metal ion detection, another important application of 

DNA-metal ion interactions is to study nucleobase modifications. For example, by monitoring 

the effects of Ag
+
 on DNA duplexes containing single C-C, C-mC or C-hmC mismatches in 

the aHL nanopore, Gu and co-workers developed a nanopore stochastic sensing method for 

rapid, label-free detection and discrimination of cytosine (C), methylcytosine (mC), and 

hydroxymethylcytosine (hmC).
[64]

 Their experimental results showed that the duplexes 

containing single cytosin-cytosine and methylcytosine-cytosine mismatches became more 
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stable in the presence of Ag
+
, while Ag

+
 had no significant effect on stabilization of 

hydroxymethylcytosine-cytosin mismatch. A similar strategy was reported by Kang et al.
[65]

 

to discrimate cytosine and 5'-methylcytosine by investigating the effects of Hg²ϕ on dsDNA 

with an uracil-thymine mismatch and a 5ô-methylcytosine-thymine mismatch, respectively.   

2.2.2 Peptides as a ligand probe 

Peptides (i.e., short chains of amino acids, linked by peptide bonds) are another type of 

biomolecules which are frequently used as chelating agents to study metal ion-ligand 

interactions and to detect metal ions
[66],[67],[68],[69],[70],[71]

. Nanopore detection of peptide-metal 

ion interactions could be traced back to 2008, when Lee et al. studied the folding of Zn-finger 

module in the presence of Zn
2+

, which is involved in neurotransmitter function, immune 

activity and the action of hormones such as insulin.  A single Zn-finger module such as 

Zif268 is only 28 amino acids in length but includes ɓ-sheet, Ŭ-helix, and turn motifs. In the 

absence of Zn
2+

 ions, the Ŭ-helix structure clamped onto the ɓ-sheet, which caused the protein 

to be unfolded.  Upon addition of Zn(II) to the solution, the protein was tightly-folded, and 

due to its larger diameter (2 nm × 2nm × 1.2 nm) than the constriction of ŬHL pore (~ 1.5 nm), 

it couldnôt translocate through the nanopore, which were distinguishable as bumping events 

with small I and T from the translocation events of the unfolded structure (Figure 4). 

Furthermore, the effect of other metal ions including Mg(II) and Co(II) on the folding of 

Zif268 was also studied. Results showed that the majority of events remained as translocation 

events, while no significant bumping events for folding structure were observed. Thus, as 

expected, since the binding of zinc to Zn fingers is at least three orders of magnitude stronger 

than other metal ions, protein cannot be folded tightly in the presence of other metal ions.
[72]

 

In Lee groupôs follow up study, they investigated the interaction between metal ions and prion 

proteins and peptide. They found that binding of metal ions to substrate ligand induced 

conformational changes, and subsequently the event signatures such as blockade current and 
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residence time would change when the molecules bumps into or translocates through 

nanopore.
[73]

  

In another study
[74]
, Asandei et al. employed Aɓ1ï16 peptide fragment from the human 

Aɓ1ï40 peptide, which is found in the plaques of the brains of Alzheimerôs (AD) patients, to 

examine and compare at single-molecule level the interactions between such peptides and 

various metals including Cu
2+

, Zn
2+

, Fe
3+

, and Al
3+

, which are known to play a critical role in 

ɓ-amyloid neurotoxicity.  The three histidines in the 6-, 13-, and 14-positions of Aɓ1ï16 

peptide fragment are coordinated to metal ions with different binding affinity. In the absence 

of metals, the relative current blockage entailed by the Aɓ1ï16 interaction with a single aHL 

pore belongs to random coil structures. Upon addition of Cu
2+

, Zn
2+

, Fe
3+

, and Al
3+ 

ions to the 

solution, the peptide probe underwent a conformational change that altered its affinity to the 

protein pore and led to distinct alterations in the kinetic fingerprint of blockade currents. 

Unlike Cu
2+ 

and Zn
2+

, addition of Al
3+ 

and Fe
3+ 

caused a very slight change in the frequency 

of blockages caused by the Aɓ1ï16 interaction with the ŬHL pore. This observation can be 

rationalized through the lower affinity of Al
3+ 

and Fe
3+ 
to Aɓ1ï16, as compared to Cu

2+
 and 

Zn
2+
. Moreover, Űon and Űoff increased monotonically with the concentration of added Cu

2+
 and 

Zn
2+

, while little change was observed after addition of Fe
3+

 and Al
3+

 to the electrolyte 

solution. Taken together, the combined results demonstrated that the peptideôs complexation 

with metal ions had the following affinity order: Cu
2+

>Zn
2+

>Fe
3+

>Al
3+

.  

Although nanopore detection of peptide-metal ion interactions began at ~ one decade ago, 

using peptide ligands to quantitate metal ions is a recent story. In 2014, in one of our early 

studies, a polyhistidine molecule was used as a ligand to detect Cu
2+

 ions, one of the most 

essential trace elements that is vital to the human health
[75]

. The reason why this biomolecule 

probe was selected for Cu
2+

 detection is because the histidine residue possesses a very 

efficient nitrogen donor in its side chain imidazole ring, which can provide two nitrogen 

donors and a six-membered chelate ring for coordination. Similar to the DNA ligand-based 
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metal ion nanopore sensors discussed in the previous section, in the absence of Cu
2+

 ions, the 

interactions between the peptide probe and the protein pore produce only one type of events. 

In contrast, upon addition of Cu
2+

 ions to the solution, a new type of long-lived events was 

observed (Figure 5).  These events had completely different signatures such as residence time 

and blockage amplitude from those in the absence of Cu
2+

 ions, which permits the copper 

chelates to be readily recognized.  The detection limit for Cu
2+ 

ions was 40 nM in the 

(M113F)7 Ŭ-hemolysin pore.  Although Co
2+

, Ni
2+

, and Zn
2+

 also interacted with the 

polyhistidine molecule, they did not interfere with Cu
2+

 detection since the event residence 

time and/or blockage amplitude values for those metal chelates were significantly different 

from those of Cu
2+

 chelates.
[76]

  

It should be noted that, in the various DNA-based and peptide-based metal ion nanopore 

sensors described in the previous sections, metal ion detection was achieved due to the 

appearance of a new type of events.  Interestingly, recently, Roozbahani et al. reported a 

uranyl ion sensor
[77]

 which was based on the effect of uranyl on the frequency of a histidine-

rich peptide HH14 translocation events (Figure 6).  One likely reason why no new types of 

events were observed upon addition of UO2
2+

 ions to the solution was because the binding of 

uranyl to the peptide HH14 enabled other uncomplexed peptide molecules to undergo 

conformational change, so that they have larger molecular sizes than the nanopore opening, 

and hence they could not enter and pass through the pore.  The detection limit of the nanopore 

uranyl sensor under symmetrical buffer condition was 10 nM.  By taking advantage of the salt 

gradient effect, uranyl ion could be detected with a detection limit of 2 nM.  Furthermore, 

micromolar concentrations of other metal ions such as Cd
2+

, Th
4+

, Cu
2+

, Zn
2+

, Ni
2+

, Pb
2+

, Hg
2+

, 

Mg
2+

, and Ca
2+

 as well as other matrix components would not interfere with UO2
2+

 detection.  

In the follow-up study, Roozbahani and co-workers used a similar approach to detect 

thorium ions.
[78]

  The molecular probe D-12 they used was an aspartic and glutamic acid rich 

12-amino acid long peptide (sequence: YEVHHQKDDPDD).  This peptide was a good 
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chelating agent for Th
4+

 due to the presence of three potential donor sites (one amine and two 

carboxyl groups) in those residues.  In the absence of Th
4+

, the interaction between peptide D-

12 and the ŬHL nanopore produced two major types of events (bumping event and 

translocation event).  After addition of Th
4+

 ions to the solution, the peptide event frequency 

decreased due to the conformational change of peptide probe induced by the metal 

ionībiomolecule interaction. Similar to the peptide ligand HH14 used in the uranyl sensor, in 

the presence of Th
4+

 ions, D-12 molecules might become larger than the opening of the 

nanopore so that they could not enter and pass through the pore.  This interpretation was 

supported by the CD spectroscopy results, which showed that one out of 12 amino acid 

residues in the peptide D-12 molecule underwent the random coil to Ŭ helix transition after 

addition of Th
4+

 to the peptide solution.  It should be noted that, in this study, Roozbahani et 

al. developed a computation strategy to predict the optimum solution pH where D-12 could 

serve as an effective chelating agent for nanopore detection of Th
4+ 

ions. They predicted that 

if a buffer solution of pH 4.5 was employed as the supporting electrolyte instead of the 

commonly used buffer solution of pH 7.4, a better sensor sensitivity and performance could 

be achieved.  This prediction was confirmed by the experimental results with nanopore 

detection of Th
4+

 ions in a series of buffer solutions of different pH values.  The nanopore 

Th
4+

 ion sensor developed in this work was highly sensitive (detection limit: 0.45 nM) and 

selective (other metal ions such as UO2
2+

, Pb
2+

, Cu
2+

, Ni
2+

, Hg
2+

, Zn
2+

, As
3+

, Mg
2+

, and Ca
2+

 

with concentrations of up to 3 orders of magnitude greater than that of Th
4+

 would not 

interfere with Th
4+

detection).  

 

2.2.3 Use of an organic molecule as a ligand probe 

In addition to the DNA and peptide bimolecular probes, smaller organic molecules were 

also used for sensing of metal ions with the Ŭ-HL nanopore.  For example, Kang and his co-

workers employed 5,10,15,20-tetrakis(4-sulfonatophenyl)-porphyrin (TPPS) to detect Cu
2+
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ions (Figure 7).  In this study, the multiple pyrrolic N atoms in the planar tetrapyrrolic 

macrocyle provided unique metal ion binding affinity and selectivity.  The interaction 

between TPPS / Cu
2+

-TPPS complexes and the nanopore produced events with significantly 

different signatures (mean dwell time and the normalized blockage current), thus permitting 

them to be readily differentiated.
[79]

  By analyzing those new signatures, quantitative detection 

of Cu
2+ 

ions could be achieved. A possible explanation for the increased dwell time of Cu
2+

-

TPPS complexes events is that the binding of Cu
2+

 to TPPS changes the charge distribution of 

porphyrin molecules, thus resulting in an enhanced interaction between the Cu
2+

-TPPS 

complexes and Ŭ-HL pore. The detection limit of Cu
2+

 sensor was estimated to be 16 nM in 

about 10 minute single-channel recording, which is much lower than the maximal 

contamination level for copper (20 ɛM) in water defined by U.S. Environmental Protection 

Agency.  

In another study, Wang et al. used carboxymethyl-ɓ-cyclodextrin (CMɓCD) as a 

molecular adaptor for nanopore sensing of Cu(II).
[80]

 ɓ-cyclodextrin is a well-known host 

molecule, which has the ability to capture a variety of organic molecules. However, CMɓCD 

with a high charge density is able to chelate metal ions through its īCOOH functional groups. 

In this work, Wang and co-workers used an engineered Ŭ-HL (M113N)7 protein pore as the 

stochastic sensing element, and studied the interaction between the adaptor and the nanopore 

in the absence and presence of Cu(II).  They found that a much longer event residence time 

was observed when CMɓCD was added to the trans side than the cis side of the sensing 

chamber, and thus was more appropriate for studying host-guest interactions.  Their further 

experiment showed that when Cu
2+

 ions were added to the cis chamber compartment, a new 

secondary current level was observed due to the formation of Cu
2+
īCMɓCD complexes.  The 

control experiment with ɓCD in the presence of Cu
2+

 ions under the same conditions showed 

no secondary current level, confirming the role that īCOOH groups play in the interactions of 

Cu
2+

 with CMɓCD.  
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2.3. Chemical reaction-based nanopore detection of metal ions 

Enzymes are macromolecules that catalyze chemical reactions. For some enzymes, the 

presence of metal ions as cofactors is crucial for their activity. Although utilizing DNAzyme 

(i.e., catalytically active DNA molecules) to detect metal ions by fluorescence and 

colorimetric assays has attracted a lot of attention in the recent years
[81],[82],[83],[84],[85],[86]

, 

enzymatic reaction- based nanopore metal ion sensor was rarely reported.  Recently, Liu et al. 

developed a DNAzyme-based nanopore biosensor to detect lead ion,
[87]

 where a hairpin DNA 

was employed as the substrate. After adding Pb
2+ 

ions as a cofactor to DNAzyme, the hairpin 

DNA substrate was cleaved into two single stranded DNA (ssDNA) chains.  The current 

signals of the hairpin substrate and its 3ô-product and 5ô-product DNA chains were 

significantly different, so that they could be differentiated from each other (Figure 8).  Briefly, 

because of the larger diameter of the stem of the hairpin DNA substrate than the nanopore 

constriction, the substrate had difficulty in translocating through the pore and remained 

resident in the vestibule area of the Ŭ-HL channel for quite a long time, thus resulting in an 

extended interaction time (~25 ms) and a partial blockade of ~ 74%. In contrast, ssDNA chain 

products were smaller than the constriction of the Ŭ-HL pore and passed through the nanopore 

quickly, leading to a larger blockade (~87% channel block) and much shorter dwell time 

(~0.5 ms). This nanopore sensor can detect Pb
2+

 ion at the concentration of ~ 3.48 nM or 

higher without any labeling. Furthermore, the developed DNAzyme-based nanopore 

biosensor is highly selective: other individual metal ions such as Ni
2+

, Mn
2+

, Zn
2+

, Ca
2+

, Mg
2+

 

or NH4
+
 with 10-fold concentration of Pb

2+
 did not interfere with Pb

2+
 detection.  

Most recently, Roozbahani et al. reported a protease-based nanopore sensor for detection 

of Zn
2+

 ion.
[88]

 Proteases (also known as peptidases) are enzymes that occur naturally in all 

living organisms.  They catalyze the hydrolysis of the peptide bonds that join amino acids 

https://en.wikipedia.org/wiki/Macromolecular
https://en.wikipedia.org/wiki/Chemical_reactions
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within proteins, and play key roles in diverse biological processes.  In their study, ADAM17 

(short for a disintegrin and metalloproteinase 17) was used as a model protease to detect Zn
2+

.  

In the absence of zinc ions, the enzyme was inactive so that the current modulations are 

caused only by the peptide substrate. Upon addition of Zn
2+

 to the solution, the enzyme was 

activated, and its cleavage of the peptide substrate produced new types of blockage events 

with smaller residence time and amplitude values (Figure 9).  The limit of detection (LOD) of 

the nanopore sensor in a 10 min electrical recording was 100 nM.  In addition, the selectivity 

of the nanopore zinc sensor was investigated. Divalent metal ions such as Ni
2+

, Hg
2+

, Cu
2+

, 

and Cd
2+

 were selected as potential interfering species because of their similar chemical 

properties to Zn
2+

. The mixtures of zinc ion and these metals produced similar results to that 

of the single zinc ion standard, suggesting that other metal ions would not interfere with Zn
2+

 

ion detection significantly. 

Another study worth mentioning was reported by Xi and co-workers.
[89]

 Instead of 

utilizing DNA as a metal chelating agent, they took advantage of Cu
+
-catalyzed click reaction 

(i.e., Cu
+
-catalyzed 1,3-dipolar cycloaddition of azides to alkynes) to detect Cu

2+
 ions. In this 

work, two ssDNAs were designed as preprobes, which were modified with an azide and an 

alkyne, respectively. The click reaction would occur between the azide and the alkyne in the 

present of Cu
2+

 and a reductant, thus inducing the ligation of two ssDNAs and formation of a 

forked DNA. (Figure A3) Since the events of the forked DNA in the aHL protein pore had a 

much larger current blockage (>85% vs. ~30%) and longer mean residence time (1.19 ± 0.12 

ms vs. 0.16 ± 0.01 ms) than those of the two ssDNA preprobes, the forked DNA and ssDNAs 

could be readily differentiated. Furthermore, with an increase in the concentration of Cu
2+

 in 

the solution, the frequency of the forked DNA also increased, thus allowing Cu
2+

 to be 

quantitated. Due to the high efficiency of the click reaction, this Cu
2+

 sensor was highly 

sensitive (with a detection limit of as low as 67 pM without any signal amplifications).  

Moreover, this sensor was very selective towards Cu
2+

 over a variety of other metal ions such 
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as Fe
3+

, Al
3+

, Cr
3+

, Fe
2+

, Ca
2+

, Mg
2+

, Mn
2+

, Zn
2+

, Co
2+

, Cd
2+

, Na
+
, and K

+
. Apart from metal 

ion detection, the nanopore sensing strategy developed in this work can be used as a label-free 

tool for real-time monitoring of click reactions. 

 

3. Synthetic nanopore metal ion sensor 

Unlike protein pores which predominantly use single-molecule stochastic sensing (or 

resistive-pulse) strategy to explore a wide variety of applications, synthetic nanopores take 

advantage of both resistive-pulse and steady-state (based on the response of the nanopore 

toward numerous metal ions) approaches to detect analytes.  The former is usually used to 

study large and long biomolecules such as nucleic acids and proteins, while the latter is 

mainly employed to analyze small molecules.  Part of the reason for this may be due to the 

low resolution and large background noise of the synthetic nanopores. Apart from the 

transient ionic current modulations used in protein pores, many other types of readouts have 

also been utilized in  synthetic nanoporesô study, including current-voltage (I-V) curve, cyclic 

voltammetry, optical signals, etc.
[90]

 An excellent review in this regard has been provided by 

Jiang and Guo.
[91]

 In terms of metal ion detection, as far as we are aware, thus far, solid-state 

nanopores were rarely utilized as single-molecule stochastic sensing elements to detect metal 

ions based on a simple binding/unbinding mechanism. At present, solid-state nanopores use 

three major strategies to overcome the large background ionic current noise and poor sensor 

resolution issues, thus achieving metal ion detection.  

 

3.1 Stochastic sensing-based analysis 

Two sensing strategies are used in synthetic nanopore-based stochastic detection of metal 

ions. The first strategy involves taking advantage of enzymatic reactions.  However, unlike 

the examples described in the previous section, where protein pores can directly recognize the 

cleavage products, in the case of solid-state nanopores, the signals of the breakdown 
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fragments usually need to be further amplified before they could be detected.  As one and 

only one such example, Li and coworkers took advantage of a Pb
2+

-responsive DNAzyme 

(named GR-5) and used a strategy called indirect transduction to develop a solid-state 

nanopore sensor for detection of Pb
2+

 ion, which involved monitoring the translocation of 

huge DNA assembly products in a conic glass nanopore of ~10 nm. Note that GR-5 has one 

substrate sequence including RNA cleavage site (rA) and an antisense enzymatic sequence for 

Pb
2+ 

coordination.
[92]

 The mechanism behind Pb
2+

 detection relied on two transition steps: 

metal ion-responsive RNA cleavage and oligonucleotide-induced hybridization chain reaction 

(HCR). Briefly, in the presence of Pb
2+

 ions,
 
the substrate sequence would be cleaved, thus 

releasing a short fragment of DNA (named HCR-I0) into the solution. Then, HCR-I0 served as 

an initiator to induce the eǟective HCR reaction between two hairpin HCR substrates, which 

produces double-stranded concatemer mixtures ranging from tens to thousands of base pairs. 

Hence, Pb
2+

 detection can be achieved by monitoring the translocation of HCR long 

concatemers through the nanopore. In contrast, in the absence of Pb
2+

, GR-5 was not activated 

so that HCR-I0 would not be released into the solution to induce HCR reaction (Figure 10). 

Although this study didnôt focus on quantitative detection, experiments showed that the 

detection limit of the conic glass nanopore-based Pb
2+ 

sensor depended on many parameters, 

including reagent concentration, buǟer composites, and pore size.  Furthermore, this 

nanopore sensor was selective: other metal ions such as Zn
2+

, Hg
2+

, Ca
2+

, Cu
2+

, and Fe
2+

 

didnôt interfere with Pb
2+

 detection significantly. The detection strategy developed in this 

work may find potential use in constructing more sensitive sensors for various other metal 

ions by using more advanced DNA assembly reactions (e.g., DNA origami) and other target 

binding species (e.g., aptamers).
[93]

  

The second strategy adopted by solid-state nanopores for stochastic sensing of metals is to 

use a molecular probe. Similarly, to overcome the low sensor resolution and high background 

current noise, large molecules such as nanoparticles and beads of ~100 nm diameter or above 
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instead of relatively small biomolecules such as peptides and DNA of a couple of diameters 

were used as the selective probe.  As one of such examples, Mayne et al. used a polyurethane 

nanopore to characterize a modified Si nanoparticles with APTES ((3-

aminopropyl)triethoxysilane), a well-known ligand that binds to Cu
2+

.  By measuring the 

particle velocity and the magnitudes as well as occurrence of both the resistive, æir, and 

conductive pulses, æic, they successfully detected Cu
2+

 ion in the solution (Figure 11).
[94]

  

They found that the increase in the velocity of the nanoparticles was attributed to the Cu
2+

 

binding to the particle surface, thus resulting in an increase in the particle surface charge. The 

magnitude of the conductive pulse was dependent on the voltage, applied pressure, pore 

surface charges, and the charge of the translocating particle. The resistive pulse magnitude 

was also a function of nanoparticle charge. At negative potentials, a negatively charged 

particle passing through a negatively charged pore would generate biphasic pulse, a 

conductive followed by a resistive pulse. Under the same condition, a positively charge 

particle would only generate a resistive pulse with greater magnitude compared to the 

resistive pulse generated from the negatively charged particle of the same size. This method is 

capable of operating under a variety of pH and ionic strength experimental conditions without 

interference from other metal ions including Mg
2+

, Na
+
, Ca

2+
, and Fe

2+
. 

 

Recently, Platt and his coworkers combined aptamer-modiýed superparamagnetic beads 

(SBs) with resistive pulse sensing (RPS) technologies to detect mercury and lead ions at 

nanomolar concentrations. The detection principle was based on the change in the charge 

density and velocity of the carrier particle through the nanopore as a result of the effect of the 

target analyte on the structure and conformation of the aptamers (i.e., short single-stranded 

oligonucleotides that are capable of binding various molecules with high affinity and 

specificity). By developing a dual aptamer that binds to the metal ions in two locations (one 

next to the surface of the particles and the other on the edge of the DNA sequence adjacent to 
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the solution), they showed that ionic concentrations outside the particles were affected by the 

charge density of the outer layer only, and the electro kinetic velocity was dependent on the 

ionic concentrations within the whole thickness of the outer layer (Figure 12).
[95]

  

 In the follow-up study, by using peptide-functionalized superparamagnetic nanocarriers 

instead of aptamer-modiýed superparamagnetic beads as the molecular probe, Platt and 

Heaton developed a resistive pulse solid-state nanopore sensing method to quantify Ni
2+

 ions 

in solution that could be employed in the field of environmental monitoring (note that Ni
2+

 

could be extracted and quantiýed in under 30 min). Briefly, His-tagged peptides were attached 

on the surface of a super paramagnetic nanocarrier. When there is presence of Ni
2+

 ions in 

solution, they will bind to the His tag, which results in a change in the charge density around 

the carrier, and accordingly causes a change in the translocation velocity of the carrier through 

the nanopore. Furthermore, since the magnitude of change in the carrierôs translocation 

velocity depended on the concentration of the metal ions in solution, metal ions could be 

quantitated. Moreover, this nanopore sensor was selective: detection of Ni
2+

 ion in the 

presence of some other heavy metal ions and quantification of Ni
2+

 in both tap and pond water 

were successfully accomplished.
[96]

  

 

3.2 Steady-state-based metal ion detection  

The most popular solid-state nanopore-based metal ion detection strategy is to take 

advantage of changes in the current-voltage (I-V) curves, which involve the response of the 

nanopore toward numerous metal ions. For this purpose, two significantly different methods 

were used.  One method was involved with the modification of the inner surface of the 

synthetic nanopore, while the other used a ligand molecule as the selective molecular probe. 

 

3.2.1 Metal ion detection in functionalized synthetic nanopores 
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As one of such examples, Tian et al. developed a biomimetic mercury (II)-gated single 

nanochannel by immobilizing thymine rich ssDNA into a single conical nanochannel. This 

nanochannel (or nanopore) was prepared by using an asymmetric track-etch technique with a 

polyimide film that can transport cations from the tip entrance (~30 nm diameter) to the base 

side (~1.5 mm diameter) of the channel. The principle of the ssDNA and nanochannel-based 

hybrid system (SNHS) depends on the channel asymmetry and electrostatic eǟects due to 

generation of fixed charges on the interior surface of the channel. Experimental results 

showed that, after sputtering gold nanoparticles onto the interior surfaces, followed by 

attaching with 5ô-thiol-ended T-rich ssDNA based on Auïthiol interaction, the channel was 

blocked by the stretched ssDNA. However, if there was presence of Hg
2+

 in the solution, the 

stretched T-rich ssDNA folded into duplex structures by formation of TïHg
2+
ïT complexes, 

which partially increased the effective pore size, thus resulting in a remarkable increase in the 

ionic current flowing through the channel. Furthermore, Hg
2+

 ions
 
could be pulled out from 

the TïHg
2+
ïT complex by addition of cysteine, so that this sensing system could be used 

repeatedly (Figure 13). Moreover, this synthetic nanopore sensor exhibited excellent Hg
2+ 

recognition capability with a detection limit of 8 nM; other metal ions such as Cd
2+

, Pb
2+

, 

Mg
2+
, etc. didnôt interfere with Hg

2+
 detection.

[97]
  

 

Similar to Tianôs work described as above, Jiang and co-workers constructed a biomimetic 

multi-nanochannel system with high selectivity to Zn
2+

.
[98]

 In this study, multiple tracked-

etched conical shaped nanochannels were created in a polyethylene terephthalate (PET) film. 

In order to capture Zn
2+

 ions, 2,2ô-dipicolylamine (DPA) was immobilized inside the 

nanochannel through the classical coupling reaction with N-(3-dimethylaminopropyl)-Nô-

ethylcarbodiimide·HCl (EDC)/N-hydroxysuccinimide (NHS). Note that DPA is a well-known 

ligand which can provide a tridentate ligand with three nitrogen donors to bind Zn
2+

. To 

demonstrate the sensor selectivity, the effect of metal ions on the I-V curves of the DPA-
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modified nanochannels was investigated. It was found that, when there was presence of Zn
2+

 

in the solution, a drastic decrease in the channel current was observed. In contrast, the channel 

currents did not change significantly when the nanopore system was exposed to Ni
2+

, Co
2+

, or 

Cd
2+

 ions.  Further experiments showed that, with an increase in the concentration of added 

Zn
2+

, the magnitude of decrease in the channel current also increased, so that the constructed 

DPA-modified nanochannels could be used as a sensitive sensor for Zn
2+

 detection.  In 

addition, Jiang and co-workers showed that the Zn/DPA-modified nanochannels could be 

used as secondary sensors for the highly sensitive and selective detection of HPO4
2-

 anions 

with a detection limit of 10 nM. Such a detection limit was very impressive considering that 

many existing phosphate sensors can detect HPO4
2-
 only at micromolar concentrations (note 

that the detection limits of colorimetric, voltammetric ion-channel and conductometric-based 

HPO4
2-

 sensor were 50 ɛM, 0.5 mM, and 1 ɛM, respectively)
[98]

. 

In another study, a new paradigm based on cone-shaped nanopores combined with single-

walled carbon nanotubes (SWNTs) was proposed (Figure 14).
[99]

 The modified nanopore with 

Zr
4+

 played a role as a counter that could quantitatively detect the concentration of folded T-

rich ssDNA with the formation of T-Hg
2+

-T, due to the strong affinity of Zr
4+

 for phosphate 

containing groups.  With the assistance of SWNTs, the excess amount of ssDNA which was 

not folded in the presence of the target molecules could be fully removed. The presence of 

Hg
2+

 ions in the electrolyte solution drastically reduced the ion flux across the nanochannel, 

with a limit of detection (LOD) of 8.3 nM.  This detection limit is lower than the toxicity level 

of Hg
2+

 in drinking water (30 nM) as defined by World health organization (WHO).  

Furthermore, the method was highly selective: a variety of environmental relevant metal ions, 

including Ca
2+

, Mg
2+

, Ni
2+

, Mn
2+

, Pb
2+

, Ba
2+

, Co
2+

, Zn
2+

, Fe
3+

, Cd
2+

, and Cu
2+

, did not 

interfere with Hg
2+

 detection. 
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More recently, inspired by voltage-gated ion channels, Siwy and coworkers developed a 

novel strategy to design solid-state (silicon nitride) nanopores that could selectively transport 

potassium ions versus sodium ions in salt mixture
[100]

. Unlike those nanopores fabricated by 

track-etching on polymer films, the silicon nitride nanopore they constructed was first 

modified by triethoxysilylpropylmaleamic acid to create carboxylated surface in the inner 

wall of the nanopore, so that the silicon nitride nanopore could be further modified. In one of 

their designs, the interior wall of the nanopore was modified with 4ô-aminobenzo-18-crown-6 

ether from one side, while with 30-mer ssDNA molecules from the other side. Experimental 

results showed that the nanopore selectivity for potassium ions was achieved by the presence 

of crown ether molecules, while the highly negatively charged ssDNA played a role as a 

cation filter, which prevented anions from passing through the nanopore, thus increasing the 

cation concentrations at one entrance. Their experiments also showed that the high K
+
 ion 

selectivity was achieved in the functionalized silicon nitride pores with very small pore 

diameters. The K
+
 ion selectivity decreased exponentially as the pore diameter increased and 

disappeared when the pore size was larger than 3 nm. The strategy developed in this work 

might open a new avenue toward construction of biomimetic nanopore systems for various 

applications. 

 

In addition to the nanopores fabricated in solid-state silicon and polymer membranes, 

pulled nanopipettes were also used for metal ion detection.  As one of such examples, Sa et al. 

developed a cobalt ion sensor by monitoring changes in the ion current rectification ratio 

using a quartz nanopipette with dihydroimidazole (DHI) attached to its inner surface.
[101]

 Thus, 

the deprotonated amines in DHI could serve as binding sites for cobalt ions. It should be noted 

that, one advantage of this DHI-modiýed nanopipette-based cobalt sensor is it reusability. To 

regenerate the sensor, the nanopipette with adsorbed Co
2+

 ions could be soaked in an acidic 

solution, in which protons would displace the bound cobalt ions. Then, the nanopipette was 
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stored in a solution of intermediate pH, which led to regeneration of the binding sites for 

metal ions (Figure 15(a)).  Similar to Saôs work, Pourmand and co-workers used a nanopipette 

functionalized with multilayers of chitosan and poly(acrylic acid) (PAA) to detect Cu
2+

.
[102]

 

Chitosan is widely employed for the removal of metals from ground and wastewater, with a 

pK value of ~6.5, while PAA has a pK of 4.3. Due to the mixed layer formation nature, the 

chitosan/PAA nanopipette had strong affinity for Cu
2+

 at pH>5.  Similar to the cobalt sensor 

described above, the binding of Cu
2+

 to the nanopipette was also reversible, and the 

nanopipette sensor could be regenerated for later use by soaking it into a pH 3 buǟer for 60 s 

(Figure 15(b)). Moreover, in another similar work, Pourmand and co-workers constructed 

calmodulin-modified nanopipette sensors for highly sensitive and selective detection of 

calcium.
[103]

  

 

3.2.2 Modification free detection of metal ions 

Although the vast majority of the synthetic nanopore-based metal ion sensors reported so 

far were developed based on introducing new functional groups in the inner surface of the 

nanopore, modification-free strategy was also employed by steady-state-based solid-state 

nanopores to detect metal ions. As mentioned previously, one significant advantage of the 

modification-free strategy over the functionalized nanopore sensing technique lies in its 

convenience and flexibility since different analyte species can be detected using the same 

nanopore again and again. The selectivity of such a modification-free nanopore sensor is 

usually accomplished by using a ligand molecule as the selective molecular probe. As one of 

such examples, Jin and co-workers used a glass nanopore to detect cupric ions in the presence 

of polyglutamic acid (PGA).
[104]

 Note that the oxygen atom of the free carboxyl group and the 

nitrogen atom of the amide group of PGA can bind with the cupric ions to form stable Cu
2+

-

PGA chelate complex in aqueous solution at neutral pH. Furthermore, this sensor could also 

be regenerated by immersing it in a low pH solution, where the chelated cupric ions would be 
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displaced by protons. Experiments also showed that the sensor sensitivity could be 

significantly improved by using a salt gradient: a 1-2 order increase in the detection limit of 

the sensor was achieved in an asymmetric buffer condition (0.01 M/0.1 M KCl) instead of a 

symmetric buffer solution (0.1 M/0.1 M KCl). Moreover, this sensor was highly selective: 

other metal ions such as Fe
2+

, Mn
2+

, Zn
2+

, Cd
2+

, Ca
2+

, Co
2+

, and Ni
2+

 did not interfere with 

Cu
2+

 detection. In addition, simulated Cu
2+

 samples (by spiking Cu
2+

 into two kinds of wine 

and one industrial wastewater) were successfully analyzed.  

Another modification-free synthetic nanopore sensor worth mentioning is reported by 

Wang and co-workers. Unlike the Cu
2+

 sensor discussed above, which utilized PGA as an 

selective molecular probe for Cu
2+

 recognition, in this study, detection of Cr
3+

 was 

accomplished in a track-etched PET nanopore without any surface modification or use of any 

chelating agent.
[105]

 One useful property of such a nanopore obtained by wet etching of a 

single track in the PET membrane is that its inner wall contains a high density of carboxyl or 

hydroxyl groups. The carboxyl groups are well known for their capability to chelate a variety 

of metal ions.  Therefore, in principle, track-etched PET nanopores have no specific metal ion 

selectivities. In order to impart the PET nanopore with selectivity toward Cr
3+

, EDTA was 

used as a mask agent to remove the potential interferences from other metal ions such as Ag
+
, 

Ba
2+

, Ca
2+

, Ce
4+

, Fe
3+

, Hg
2+

, Mg
2+

, and Sr
2+

. Furthermore, this sensor was highly sensitive, 

with a detection limit of about 16 nM, which is comparable with most of the Cr
3+

 sensors 

reported thus far. Moreover, analysis of real samples including lake water and mineral 

drinking water were successfully carried out. 

  

Other than introducing binding sites in the inner surface of the nanopore and use of a 

ligand molecule as the selective probe, enzymatic reactions were also utilized by synthetic 

nanopores for detection of metal ions. For example, Xia et al. reported a PET nanopore-based 

Zn
2+

 sensor by using a DNA supersandwich structure and Zn
2+

-requiring DNAzymes.
[106]

 In 
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their design, the inner surface of the PET nanopore was first attached with a capture probe 

(CP), and followed by capturing the sessile probe (SP) of the substrate via the hybridization of 

the complementary parts between SP and CP. Then, a supersandwich structure was formed 

after Auxiliary Probe 1 (AP1) and Auxiliary probe 2 (AP2) hybridized each other from the 

other end of the substrate probe. Next, a DNAzyme Strand (DS) hybridized with SP to form a 

DNAzyme system.  Note that, after the self-assembly of the supersandwich in the PET 

nanopore, only a small channel current was observed, indicating that the DNA supersandwich 

almost completely blocked the nanopore. In the presence of Zn
2+

, the enzymatic reaction 

cleaved the supersandwich structure into two parts: SP-1 and SP-2, leading to the reopening 

of the nanopore and hence an increase in the ionic current flowing through the pore (Figure 

16). With such a strategy, Zn
2+

 could be detected sensitively (detection limit: 1 nM) and 

selectively (no significant interference from Pb
2+

, Cu
2+

, and Hg
2+

 was observed). 

 

3.2.3 Other applications and research aspects of metal-ligand interactions in synthetic 

nanopores 

In addition to the development of sensors for metal ions, metal-ligand interactions were 

also utilized by solid-state nanopores to explore other applications. For example, Liu et al. 

developed a nanopore-based strategy for the removal of heavy-metal ions from wastewater. In 

this study, they took advantage of sulfonated thiacalix[4]arene (TCAS) as a complexing agent, 

and used a device which was consisted of two separated cells (a feed cell and a permeation 

cell) linked by a piece of polycarbonate membrane containing an array of nanopores of ~50 

nm diameter for sequential removal of Cu(II), Cd(II), Pb(II), and Ba(II) (Figure 17). The 

separation was based on Hard and Soft Acids and Bases (HSAB) Theory. Briefly, Cu(II), 

Cd(II), Pb(II), and Ba(II)) belong to the soft acid category, which are easy to react with the 

sulfur atoms and the phenol hydroxyl groups (lone pairs of electrons) in the lower edge of 

TCAS molecule to form stable metal chelates. Due to the diǟerent complexing abilities, 
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Cu(II)īTCAS complex was ýrst formed. Under an applied electric ýeld force, the 

Cu(II)īTCAS complex moved toward positive electrode in the feed cell, while other heavy-

metal ions moved through the nanopores to the permeation cell.  Then, TCAS would 

selectively and sequentially react with Cd(II), Pb(II), and Ba(II) one by one in the permeation 

cell to form metal-TCAS chelates, which allowed them to be separated from each other using 

the same device.
[107]

  

Another application worth mentioning is that metal-ligand interaction can be used by 

solid-state nanopores for the speciýc binding and recognition of biomolecules. As one of such 

examples, Ali et al. developed a biomimetic system for the sensitive and selective detection of 

lactoferrin (LFN) using a conical nanopore fabricated in polyethylene terephthalate (PET) 

membrane. In this study, amine-terminated terpyridine was first covalently attached to the 

inner surface of the track-etched PET nanopore via carbodiimide coupling chemistry, and then 

the terpyridine modiýed-nanopore was treated with ferrous sulfate solution to form iron-

terpyridine (iron-terPy) complexes, which can be used as recognition elements for the 

selective LFN detection due to the strong noncovalent interactions between LFN and Fe
2+

 

chelated in the immobilized terpyridine. It can be visualized that the metal ion aǣnity-based 

biomimetic sensing strategy developed in this work can be used to develop nanopore sensors 

for other proteins if they possess speciýc receptors for coordination with metal ions in their 

polypeptide backbone. Examples of such proteins may include histidine rich proteins / His-

tagged proteins, zinc ýnger proteins, etc.
[108]

  

 

In addition to measuring the changes in the ionic current, other types of readouts were also 

used in synthetic nanopores to detect metal ions. As one noted example, Gyurcsányi and co-

workers used ionophore-modified nanopore arrays for potentiometric sensing of Ag
+
.
[109]

 In 

their study, gold nanopores were first formed by electroless deposition of gold onto the 

surface of the track-etched polycarbonate nanopores. Then, these gold nanopores were further 
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functionalized with a mixture of SS-Ag-II , MDSA, and PFT. Among them, MDSA was used 

to create cation-exchanger sites, PFT imparted the nanopore with hydrophobicity, while SS-

Ag-II provided selective recognition of Ag
+
 ions.  Since the potentiometric response of the 

ionophore-modified nanopores increased with an increase in Ag
+
 concentration, this gold 

nanopore array sensor could be used for the highly sensitive and selective detection of Ag
+
. 

Apart from metal ion detection, the strategy developed in this work might find potential utility 

in ion separation and study of hostïguest interactions. 

 

5. Summary and Conclusion Remarks 

In conclusion, we have briefly reviewed the recent development in utilizing nanopore 

sensors for the detection of metal ions. Although the investigations summarized in this review 

(refer to Table 1) were focused on detection of mercury, zinc, lead, copper, uranium, thorium, 

potassium, chromium, gold, and silver, it is apparent that the strategies developed in these 

work (e.g., chelation / coordination chemistry and enzymatic reaction) could be utilized for 

constructing nanopore sensors to detect a variety of other metal ions of medical, biological, 

and/or environmental importance. Two future directions can be considered that might 

facilitate transitioning the currently available nanopore-based metal ion detection technology 

for the analysis of real-world samples. First, thus far, synthetic solid-state nanopores, which 

are more appropriate for portable/fieldable sensor applications, have been rarely used as 

stochastic sensing elements for metal ion detection at the single-molecule level.  Although 

stochastic sensing-based nanopore sensors reported so far do not have significant advantages 

than steady-state-based nanopore sensors in terms of sensitivity, they, in principle, are more 

selective than their counterparts because of the produced multi-dimensional signals 

represented by event residence time, blockage amplitude, and so on. Note that, with an 

increase in the dimensionality of the sensing system, a better sensor resolution and selectivity 

is expected. Although introducing a highly selective binding site into the solid-state nanopore 
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interior surface at a specific position is still difficult to achieve, development of such 

stochastic sensing-based solid-state metal ion sensors can be visualized by using large 

biomolecules (e.g., DNA, peptides, and proteins) as molecular probes and taking advantage of 

the chelation, enzymatic, and/or other types of chemical reactions as discussed in this review. 

Second, the complicated matrix components in the real-world samples might potentially 

interfere with the detection of target metal ions. Hence, there is a need for construction of a 

pattern-recognition nanopore sensor array to increase the detection accuracy.  Given the 

advantages of high sensitivity & selectivity, and label-free detection, nanopore-based metal 

ion sensors should find useful application in many fields, including environmental monitoring, 

medical diagnosis, and so on. 
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Scheme 1. Schematic illustration of a single nanopore sensor (left), typical single-channel 

recording trace segments (middle), and the constructed 3-D plots of event counts vs. residence 

time vs. blockage amplitude for metal ion detection and differentiation (right). The ionic 

current through the nanopore is maintained by applying a voltage bias between two Ag/AgCl 

electrodes in an electrolyte solution.  
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Scheme 2. Three major stochastic sensing-based nanopore strategies to detect metal ions. a) 

construction of a metal ion binding site in the nanopore inner surface; b) utilization of a 

biomolecule as a ligand probe; and c) employing enzymatic reactions. i) without, and (ii) with 

metal ions. 
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Figure 1. Molecular models of heteromeric Ŭ-Hemolysin based on the crystal structure of the 

wild-type heptameric pore (WT7).
[49]

 (a) View perpendicular to the seven-fold axis. The wild-

type subunits are shown in green and the 4H subunit is in pink. The top of the structure is on 

the cis side of the membrane in bilayer experiments. The 14-strand ɓ barrel at the base of the 

structure spans the lipid bilayer. In the 4H subunit, residues Asnl23, Thrl25, Glyl33, and 

Leul35 were replaced with histidine (mauve) and Thr292 with cysteine (S atom in yellow). 

Proposed locations for the coordinated Zn(II) (orange) and a water molecule (light green) are 

also shown; and (b) View of the heptamer down the seven-fold axis from the top (cis side) of 

the structure. The four new histidinyl residues project into the lumen of the channel, while 

Cys292 is distant from the channel mouth. Reproduced with permission.
[50]

 Copyright ᶩ 

1997, Elsevier Ltd.  
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Figure 2. Detection of [AuCl4]
ī
 in an engineered MspA nanopore. (a) The structure of MspA 

(PDB ID: 1uun) and its mechanism to bind [AuCl4]
ī
 ions. The engineered MspA pore (MspA-

M) contained eight identical methionine residues at position 91. (b) and (c) Typical trace 

segments and their corresponding all-points histogram for [AuCl4]
ī
 sensing by the MspA-M 

pore at +100 mV with 1 ɛM and 10 ɛM HAuCl4 in the cis chamber compartment, respectively. 

Reproduced with permission.
[52]

 Copyright ɭ  2019, Springer Nature. 
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Figure 3. Nanopore detection of Hg
2+

. (a) Representative single channel recordings of 5 ɛM 

DNA (sequence: 5ǋ-CTAGTAATCTAG-3ǋ) in the presence of mercuric ions at various 

concentrations. (b) The corresponding concentration-dependent event amplitude histograms. 

To facilitate the separation of the events having substrate current modulations from others, the 

amplitude of the events with substrate current modulations was obtained based on the mean 

value of its upper current levels. Dashed line 1 represents the blockage events attributed to 

free DNA polymers and DNAïmetal complexes, which would not cause substrate current 

modulations, while dashed line 2 represents the events due to the DNAïmetal complexes 

producing substrate current modulations. The experiments were performed at +120 mV. 

Reproduced with permission.
[60]

 Copyright ɭ  2013, American Chemical Society. 
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Figure 4. Nanopore investigation of Zn
2+
-Zif268 interaction. A) Structures of Zif268 and 

Zn
2+
-Zif268 coordination complex; and B) scatter plots of the blockade current versus 

blockade duration for Zif268 in the absence (a) and in the presence of equimolar (b) and 10-

fold excess (c) Zn(II). Populations 1 and 2 refer to the bumping and translocation events, 

respectively. Reproduced with permission.
[72]

 Copyright ᶩ 2008, Wiley-VCH Verlag GmbH 

& Co. KgaA, Weinheim. 
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Figure 5. Event signatures of peptide H10 before and after addition of Cu
2+

 ions. (a) Scatter 

plots of event residence time versus amplitude; (b) Amplitude histograms; (c) Residence time 

histograms of short-lived events; and (d) Residence time histograms of long-lived events. The 

experiments were performed with the (M113F)7 Ŭ-hemolysin pore in a buffer solution 

comprising 1.0 M NaCl and 10 mM Tris¥HCl (pH 7.5) at +100 mV (cis at ground) in the 

presence of 40 ɛM H10 peptide samples. Reproduced with permission.
[76]

 Copyright ɭ 2013, 

Elsevier B. V. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


